The origins of line broadening in the far-infrared spectrum of phosphorus donors in SiGe are investigated. Using a combination of Fourier transform infrared ͑FT-IR͒ spectroscopy and time-resolved pump-probe measurements, we show that the line shapes are dominated by inhomogenous broadening. Experimental FT-IR absorbance spectra measured in the temperature range 6-150 K are presented for three different Ge contents. Additional spectra of pure phosphorus doped silicon recorded under similar experimental conditions are presented and compared with the SiGe results. We propose a simple quantitative model to simulate the line broadening in our experimental spectra. Our model takes into account the compositional variations in the random SiGe binary alloy and its effect on the permittivity of the environment around each donor. We also show that the addition of small amounts Ge to Si single crystals has little detrimental effect on the lifetime of the excited infrared electronic energy levels, despite the observed line broadening.
I. INTRODUCTION
In the last decade, there has been resurgent interest in the physics of group-V donors in silicon, as evidenced by a dramatic increase of activity in this area. Much of this renewed interest stemmed from a proposal by Kane that the material system might be exploited to realize a quantum computer. 1 Many experiments have recently been performed to investigate the feasibility of this scheme. Pulsed electron paramagnetic resonance experiments have revealed extraordinarily long donor spin lifetimes, of order 60 ms at 7 K for 28 Si:P single-isotope material, 2 and spin readout schemes have been proposed. 3 High-resolution Fourier transform infrared ͑FT-IR͒ spectra in similar 28 Si : P material has also revealed some of the narrowest spectral lines ever measured in the solid state. 4 Complementary time domain terahertz ͑THz͒ pumpprobe experiments show that the lifetime of the excited Si:P Rydberg states is of order 200 ps ͑Ref. 5͒ ͑in excellent agreement with the best frequency domain 28 Si : P measurements͒. Coherent control of Si:P states with THz optical pulses has also just been demonstrated. 6 A second important driver for this research has been the invention of the optically pumped silicon THz laser 7 and lasing has now been demonstrated for all four group-V donors. [8] [9] [10] In addition to this, the microelectronics industry has now moved to SiGe virtual substrates and strained SiGe epitaxial layers in its search for faster on-chip components. 11 It is therefore important to understand exactly how shallow impurities such as the group-V donors behave in this technologically important material system.
II. EXPERIMENTAL A. Sample growth
For the purposes of these experiments, three single crystals of Si 1−x Ge x orientated along the ͗110͘ axis with diameter 40 mm, and with Ge content, 0.9%, 3%, and 6%, were grown in an argon atmosphere using the Czochralski technique. A detailed description of the growth process can be found here. 12 The resistivity and hence phosphorus donor concentration was kept approximately constant. A phosphorus doped pure silicon sample of comparable resistivity was also chosen as a reference. The sample details are summarized in Table I . Square samples with dimensions 7 mmϫ 7 mm and 1 mm thick were then cut from the single crystal. There were no subsequent additional polishing steps; the samples were studied as cut. FT-IR absorption spectroscopy was performed using our Bruker 125 HR FT-IR vacuum spectrometer. The samples were individually mounted on a custom oxygen-free copper mount, which was in turn attached to the cold finger of an Oxford Instruments flow cryostat. The sample mount was carefully designed so that the samples were not subjected to any strain while still retaining good thermal contact with the cold finger. This is a key point: in our previous experimental studies, significant strain effects were observed in the absorption spectra of glued silicon samples on cooling to liquid helium temperatures. The full beam path was under vacuum. Figure 1 shows absorbance spectra for the three Si 1−x Ge x :P samples and the Si:P reference for temperatures between 6 and 150 K. The top plot shows the familiar shallow impurity states and their temperature dependence. At this donor concentration and optical thickness the 1s͑A 1 ͒ to 2p Ϯ and 1s͑A 1 ͒ to 3p Ϯ lines are saturated. As the sample temperature rises, the two higher lying valley orbit split-off ground states 1s͑E͒ and 1s͑T 2 ͒ become thermally populated, leading to additional absorption lines in the 20-30 meV region. 13 These additional lines can be seen when the sample temperature reaches about 40 K, and they become particularly strong, in the temperature range 60-90 K. The strongest absorption lines seen here are from 1s͑E͒ and 1s͑T 2 ͒ valley orbit ground states to the 2p 0 and 2p Ϯ states. Transitions to the higher lying p states are not normally observed. This is because the higher p states are much closer to the continuum edge and thus more easily ionized at elevated temperatures. The absorption cross section for transitions to higher p states is also smaller. With the addition of a small amount of Ge to the Si matrix the phosphorus donor lines are no longer sharp. At 6 K the 0.9% Si 1−x Ge x sample shows a strong broad spectral feature close to where the 2p Ϯ line would be in pure Si:P. At higher temperatures a broad feature which contains contributions from 1s͑E͒ and 1s͑T 2 ͒ to 2p Ϯ transitions, can be observed around 20-30 meV. The spectral features become increasingly broader as the Ge content is increased. These results agree well with photoconductivity measurements described in Ref. 14.
C. Time-resolved spectroscopy
For the time-resolved pump-probe spectroscopy measurements we concentrated on the 0.9% Si 1−x Ge x sample because it still had discernible spectral peaks. In particular we investigated the behavior of the T 1 lifetime of the spectral feature corresponding to the broadened 1s͑A 1 ͒ to 2p Ϯ line at 38.1 meV ͑32.5 m͒. Here we define T 1 according to the simple exponential decay function, y 0 + C 0 exp͑−t / T 1 ͒, and we fit this function to the data. Figure 2 shows a diagram of the experimental setup. We used the free electron laser at the FOM Institute in the Netherlands ͑FELIX͒ as a source of short optical ͑THz͒ pulses. The beam path of the stronger pump pulse is labeled ''pump'' ͑green online͒ and the weaker probe pulse is labeled ''probe'' ͑blue online͒. The pump traverses an optical delay line, allowing the relative delay between the pump and probe to be controlled. The polarization of the probe is rotated by 90°in order to discriminate it from the pump at the detector. A portion of the probe beam ͑labeled reference͒ also passes through a much longer optical delay ͑Ϸ20 ns͒. All beam paths were in a dry nitrogen atmosphere. The recorded probe signal is derived from the difference between the directly measured probe and reference signal, resulting in a background free signal. As a first experiment we investigated how the exponential decay of the probe transmission varied with the pump wavelength and these results are shown on the top half of Fig. 3 . The T 1 lifetime was smallest, showing that the decay was fastest, on the high-energy side of the broadened 1s͑A 1 ͒ to 2p Ϯ peak. This is because of significant recombination transitions into the other nearby higher lying Rydberg donor levels ͑such as the 3p 0 state͒ which give rise to other parallel decay paths. On the low-energy side, however, the lifetime remains reasonably constant until near the energy of where the 1s͑A 1 ͒ to 2p 0 line would be observed in the spectrum of pure Si:P. Here, the value of the T 1 lifetime grows larger again, and begins to approach the previously published lifetime of the unperturbed 2p 0 state in pure Si:P ͑205 ps͒. 5 The pump-probe signal became weaker below 34 meV and completely extinguished at 29 meV ͑not shown͒. We chose a pump wavelength on the lower energy side of the broadened 1s͑A 1 ͒ to 2p Ϯ peak to minimise contributions from the higher lying Rydberg states. We then verified that the pump power did not significantly affect the exponential decay of the probe transmission. The results are shown in Fig. 3 and demonstrate that the variation of measured T 1 values is at most 11.5% from the mean value of 118 ps over three orders of magnitude of incident pump pulse power. Figure 4 shows how the lifetime varies as a function of temperature. The T 1 decay constants as a function of temperature are also plotted above. T 1 is longest at lowest temperatures ͑115-118 ps͒ and decreases as the sample temperature rises. Above 110 K it was no longer possible to obtain an accurate determination of T 1 because the decay is shorter than the length of the laser pump pulse. The decrease in T 1 lifetime can be explained by stimulated phonon emission. It is known that the lifetime of the excited donor states in Si:P is mediated by phonon emission rather than photon emission. 5 Warming the sample increases the population of the phonon bath, which in turn increases the probability of stimulating phonon emission. This is analogous to how an intense optical laser field can stimulate the emission of a photon.
The most important point, however, is that while the T 1 decay constant of the 2p Ϯ state changes by an order of magnitude ͑from 115 ps to Ͻ10 ps͒ in the temperature range 6-130 K, there is no corresponding change in the linewidth of the associated spectral feature over the same temperature range ͑see Fig. 1͒ . These experimental results provide direct evidence that the line broadening is not lifetime related.
III. MODELING THE LINE BROADENING
We have derived a simple model to describe the observed line broadening based loosely on the approach described by Schubert et al., 15 in their paper on alloy broadening in the III-V ternary material system Al x Ga 1−x As. Since the Si 1−x Ge x material used for this work is a random binary alloy, the probability of finding z Ge atoms within a prescribed vol- ume, V, can thus be described by the binomial distribution, where is the density of lattice sites.
For the case where the number of trials is large ͑in this case V͒, the distribution is Gaussian, with mean value = Vx, and variance 2 = Vx͑1−x͒. Since the density of silicon lattice sites, = 4.993ϫ 10 22 cm −3 , and the radius of the 1s͑A 1 ͒ phosphorus donor Rydberg orbital is of order r = 3 nm, even the lowest lying donor orbital encompasses of the order of 10 000 lattice sites. The Gaussian approximation for the distribution of Ge atoms is therefore valid. We know the mean value of the distribution precisely, since it is just the average content, x, of Ge atoms in the random binary alloy so that the variance simplifies to x 2 = x͑1−x͒. We will now use this relation to calculate the infrared energy distribution of the phosphorus donors.
The energy of the phosphorus donors can be described by the modified Bohr formula, where m 0 is the electron mass, m ‫ء‬ is the reduced effective mass, ⑀ r is the relative dielectric permittivity, R H is Rydberg constant for hydrogen, and N is the principle quantum number. 16 
E = m
‫ء‬ m 0 1 ⑀ r 2 R H ͩ1− 1 N 2 ͪ.
͑2͒
According to this formula, the energy of the donor depends on both the effective mass, m ‫ء‬ , and the relative dielectric permittivity ⑀ r . For small Ge fractions, the lattice parameter of the Si 1−x Ge x unit cell varies by less than 0.4% for Ge contents up to x = 0.1 so we choose to treat m ‫ء‬ as constant. 17 There is a significant change, however, in the value of ⑀ r over the same range. We can calculate the variation of ⑀ r as a function of the Ge content by using the relation n = ͱ ⑀ and the expression derived by Humlícek et al., 18 for the change in far-infrared refractive index of Si 1−x Ge x as a function of Ge content.
For small x we calculate the dependence of ⑀ r on x.
⑀ r ͑x͒ = 11.7 + 2.53x + 0.14x 2 . ͑4͒
Differentiating the modified Bohr formula ͓Eq. ͑2͔͒ with respect to x we get the following expression:
Substituting for ⑀ r and d⑀ r / dx, and ignoring higher powers of x, we can calculate the change in phosphorus donor energies, ⌬E, in terms of the change in Ge fraction, ⌬x. ⌬E = 2͑2.53 + 0.28x͒ 11.7 + 2.53x
E⌬x. ͑6͒
Thus, from knowing the variance of the distribution of Ge donors, 2 , we can calculate variance of phosphorus donor energies as a function of Ge content. We now use this formula to calculate the width of the energy distribution for the most prominent line in the far-infrared absorption spectrum of Si:P, which has a peak absorption centered at E = 39.2 meV. Thus, we see the line is inhomogenously broadened due to the random distribution of the binary Si 1−x Ge x alloy, and the calculated width of this energy distribution, E , for our three Si 1−x Ge x samples is given in Table  II .
In order to simulate a line broadened spectrum, we take the pure experimental Si:P spectrum, in the form of a data vector g͑x k ͒ and convolve it with a Gaussian energy distribution f͑x k ͒. Here k is a running index ͑1 → M͒, and the Gaussian energy distribution is defined by Eq. ͑7͒ with mean value and variance E 2 . FIG. 4. ͑Color online͒ Top: the solid diamonds are the T 1 lifetime decay constants plotted as a function of temperature. The connecting line ͑purple͒ is merely a guide to the eye. Bottom: recovery of the probe absorption as function with time delay from the pump pulse for several sample temperatures. The T 1 decay constants for these curves are tabulated against temperature in the top right corner of this panel.
We define h͑x k ͒, the simulated Si 1−x Ge x spectrum, as the convolution of f͑x k ͒ and g͑x k ͒.
In order to calculate this convolution, we take the discrete Fourier transform of both f͑x k ͒ and g͑x k ͒ according to the formula
where M = exp͑−2i / M͒ and j is another running index ͑1 → M͒. We then calculate the product
and finally recover the simulated line broadened spectrum of phosphorus in Si 1−x Ge x , by taking the inverse discrete Fourier transform
again with the same definition of M . An example of this calculation is shown in Fig. 5 . The solid black line shows the experimental absorbance spectrum recorded at 6 K for the three Si 1−x Ge x samples described in Table I . The dashed black line shows the simulated line broadened spectrum which was calculated from the 6 K absorbance spectrum of pure Si:P. The simulated spectra show both excellent qualitative and quantitative agreement with the experimental spectra. The 0.9% simulated spectrum differs mainly in the height of the continuum absorbance edge. On the low energy side of the main absorption peak, the shoulder ͓which is the remnant of the 1s͑A 1 ͒ to 2p 0 line͔ agrees well. The minor disagreement in continuum absorbance levels is easily explained because the resistivity of this particular sample was different from both the other Si 1−x Ge x samples ͑3% and 6%͒, and the pure Si:P sample chosen to simulate the broadening. There is good qualitative agreement in the line shapes although it does appear that our simulation over estimates the broadening slightly.
Kräussmann et al. 19 studied the activation energy of phosphorus donors in silicon-rich polycrystalline SiGe. They concluded that the linewidth could be affected by two possible mechanisms: through the local value of the dielectric constant or through an average strain produced by the volume misfit of the Ge atoms. They estimated that the dielectric shift would result in a line broadening E = ͱ x ϫ 1.3 meV, and the strain shift would result in a broadening of E = ͱ x ϫ 0.826 meV, both of which were an order of magnitude too small to match their experimentally observed broadening. They therefore concluded that the actual density fluctuations of Ge in their polycrystalline samples were much higher than could reasonably be explained by a random distribution. Comparing our experimental results with those from our simulation, however, shows that it is sufficient to take into account the local variation of permittivity in order to fully describe the line broadening. The simulation also provides further additional evidence that the line broadening in single crystal SiGe is inhomogenous.
IV. DISCUSSION
We now discuss our findings and their implications. Our results are important for the design of THz SiGe quantum cascade laser active regions. These designs have previously avoided the 30-40 meV region, where the absorption lines arising from the shallow acceptor states of boron in Si ͑Si:B͒ are concentrated since they would lead to increased cavity losses. 20, 21 Our results for SiGe:P show that shallow donor and acceptor impurities are likely to give rise to cavity losses across a much wider 20-50 meV THz band. This may also explain why the intersubband spectral features in many of the reports of THz electroluminescence are so broad and centered at similar energies despite fairly different active region designs. 22, 23 On the plus side however, these properties suggest that SiGe:P might be a practical route toward a wavelength tun- able silicon impurity laser. The potential gain peak for SiGe:P is much broader than the narrow donor lines in Si:P but the long lifetime suggests that a population inversion is still achievable. It is likely, however, that higher doping densities will be needed in SiGe to achieve similar peak gain values to that found in pure Si:P in order to overcome the cavity losses and reach the lasing threshold. Following a similar logic, the highly broadened nature of the donor lines means that SiGe:P is potentially a good material to realize fast sensitive THz detectors with a broader spectral bandwidth.
The possibility of realizing a qubit using single phosphorus donors in silicon has also generated considerable interest. While many quantum-computing proposals make use of the spin properties of the donor, some schemes such as that proposed by Stoneham et al., 24 make use of the farinfrared energy levels. Indeed, there have been significant experimental developments in this area recently. 5, 6 Stoneham's theory depends crucially on the donor states having a spread of energies while still retaining a sensible lifetime. Our paper shows that it would be possible to engineer the electronic energy level structure of an isolated phosphorus donor by altering the number of Ge atoms in its vicinity without detrimentally affecting the excited electronic state lifetimes.
V. CONCLUSIONS
FT-IR spectroscopy of SiGe single crystals shows that a relatively small content of Ge in Si 1−x Ge x causes a large broadening of the phosphorus donor lines. Direct lifetime measurements, however, show that while the lifetime is shorter than in pure Si:P ͑118Ϯ 14 ps for the broadened 2p Ϯ peak in SiGe:P, as compared to 158Ϯ 12 ps for the 2p Ϯ line in pure Si:P͒, 5 it has not collapsed to Ͻ1 ps ͑calculated by applying the Heisenberg uncertainty principle to the farinfrared absorbance spectrum͒. Furthermore, the observed change in lifetime with temperature is not reflected in the FT-IR absorbance spectrum. This experimental result provides direct evidence that the line broadening is inhomogenous and our simple quantitative line broadening model shows that it is sufficient to take into account the local variation in permittivity due to the random nature of the binary alloy in order to fully describe the broadening. The model provides additional compelling evidence that the broadening is inhomogenous.
